Rodent striatum is involved in sensory-motor transformations and reward-related learning. Lesion studies suggest dorsolateral striatum, dorsomedial striatum and nucleus accumbens underlie stimulus-response transformations, goal-directed behaviour and reward expectation, respectively. In addition, prefrontal inputs likely control these functions. Here, we set out to study how reward-driven behaviour is mediated by the coordinated activity of these structures in the intact brain. We implemented a discrimination task requiring rats to either respond or suppress responding on a lever after the presentation of auditory cues in order to obtain rewards. Single unit activity in the striatal subregions and pre-limbic cortex was recorded using tetrode arrays. Striatal units showed strong onset responses to auditory cues paired with an opportunity to obtain reward. Cue-onset responses in both striatum and cortex were significantly modulated by previous errors suggesting a role of these structures in maintaining appropriate motivation or action selection during ongoing behaviour. Furthermore, failure to respond to the reward-paired tones was associated with higher pre-trial coherence among striatal subregions and between cortex and striatum suggesting a task-negative corticostriatal network whose activity may be suppressed to enable processing of reward-predictive cues. Our findings highlight that coordinated activity in a distributed network including both pre-limbic cortex and multiple striatal regions underlies reward-related decisions.
Introduction
Adaptive behaviour requires the ability to associate multiple cues with a variety of possible outcomes and behavioural strategies. Striatum is the main input structure to the basal ganglia and is associated with cognitive and motivational processing as well as with the execution of motor responses and is considered a key brain region for the regulation of stimulus-driven behaviour (Haber, 2003; Yin et al., 2008; Hamid et al., 2016) . Region-specific lesions suggest that dorsolateral striatum (DLS), dorsomedial striatum (DMS) and nucleus accumbens (NAc) contribute differently to specific components of reward-directed behaviour (Yin et al., 2005 (Yin et al., , 2006 Hart et al., 2014) . Whereas DMS is implicated in the updating of stimulus-response-outcome contingencies, DLS is primarily associated with automated stimulus-response behaviour, and NAc is thought to mainly integrate motivational aspects of learning (Haber, 2003; Yin et al., 2005 Yin et al., , 2006 . Activity between these regions, however, is likely to be highly coordinated during reward-related behaviour. Within striatum, axons and dendrites in each subregion often cross into other subregions (Haber, 2003) . Successful behaviour necessitates integration of reward processing, associative learning and motor planning suggesting that interaction between brain regions maintains these processes (Haber & Knutson, 2010; Liljeholm & O'Doherty, 2012) .
Striatal-dependent reward-related behaviour is modulated by prefrontal input. Pre-limbic cortex (PrL) sends strong projections to both core and shell of the NAc as part of the limbic cortico-striatal-thalamic circuit and to DMS as part of the associative cortico-striatal-thalamic circuit (Heidbreder & Groenewegen, 2003; Gabbott et al., 2005; Hart et al., 2014) . PrL is involved in goal-directed behaviour and complex behaviour which requires flexible switching between different context-dependent strategies (Heidbreder & Groenewegen, 2003; Riga et al., 2014; Funamizu et al., 2015) . Pfc-NAc projections may encode motivational aspects of reward-seeking behaviour, including the updating of response-outcome contingencies (Eagle & Robbins, 2003; Yin et al., 2008; van Waes et al., 2012) . While DLS does not receive direct prefrontal input, multiple stimulus-response-outcome contingencies require a level of executive control over DMS vs.
DLS behavioural function such as habitual vs. goal-directed processes (Riga et al., 2014; Moorman & Aston-Jones, 2015) .
How reward-related behaviours guided by multiple cues are encoded in the coordinated activity of the prefrontal-striatal network is not well understood. Cue responses may reflect upcoming behavioural choice (Nicola et al., 2004a) and/or previous trial experience (Kim et al., 2009) . To investigate this we assessed the activity of striatal subregions and PrL simultaneously in a modified go/no-go cue-discrimination task; this task is unlikely to be isolated to a single subregion (involving a classical component, operant discrimination, etc.) thus enabling us to study the activity of the subregions in combination. We found that in both striatum and PrL, previous errors resulted in higher cue-onset excitatory responses for go cues and that while cue-onset inhibition was not modulated significantly by previous errors, it was higher on cues preceding errors in the current trial. We also identified that pre-trial intrastriatal coherence and corticostriatal coherence were significantly higher preceding failures to respond to reward-predicting cues.
Methods

Animals
Male Lister hooded rats (n = 4; Charles River, Cambridge, UK) weighing 225-250 g on arrival were kept on reversed light/dark cycle (12 : 12 h; lights on 19.00 h). Animals had access to water ad libitum and access to food (LabDiet 5LF5, PMI Nutrition Intl, Brentwood, MO) for at least 2 h per day. All experiments were carried out under institutional ethical approval by the University of Leicester Animal Welfare and Ethics Review Body (AWERB) and under project and personal licences issued by the UK Home Office under the UK Animals (Scientific Procedures) Act 1986.
Apparatus
Rats were pre-trained in standard operant chambers [Med Associates, Fairfield, VT; 30 9 31 9 24 cm (height 9 width 9 depth); prod. no. ENV-008] placed in sound attenuated, ventilated cubicles and fitted with a magazine (Med Associates prod. nr. ENV-200R2M) for delivery of sugar pellets (45 mg Dustless Precision Pellets, BioServ, Sheffield UK; Product No F0021) and a retractable lever (Med Associates prod. nr. ENV-112CM) positioned to the left of the magazine. A stimulus light (Med Associates prod. nr. ENV-221M) was positioned immediately above the food magazine and the lever. A speaker was positioned above the magazine just below the ceiling of the box, and a house light was positioned at the top of the opposite wall of the chamber. For electrophysiological recordings, the wall-fitted magazine was replaced by a custom-made square receptacle [2 9 5 9 3 cm (height 9 width 9 depth)] attached to the grid floor 3.5 cm from the wall to allow access to the reward in animals with a tetrode implant. Auditory stimuli were applied using custom-made tone generators based on an NE555 integrated circuit (Texas Instruments, Dallas, TX).
Discrimination task
Rats were handled for 1-2 days and exposed to the sugar pellets in their home cage before the start of the behavioural training. Rats were initially trained to press a lever for sugar pellets using standard shaping techniques. Subsequently, rats were trained on a continuous reinforcement schedule, which continued until the rat performed 100 lever presses within 30 min in two consecutive sessions (all animals achieved this within 2-4 sessions). The discrimination task required rats to either respond (go trials) or suppress responding (no-go trials) to auditory cues of different frequencies (1 vs. 10 kHz (75 dB): counterbalanced). Each trial started with the presentation of either the go or no-go tone. Four seconds after tone onset the lever was presented allowing the rat a 4-s response interval to press the lever. Upon lever press or, if the rat did not press the lever, at the end of the 4-s response interval, the lever retracted, and the tone was switched off. Rats were rewarded with a sugar pellet on both correct lever press (hit) and correct omission of lever press (correct rejection: CR) trials, whereas incorrect lever press (false alarm: FA) resulted in a 60-s timeout with the house light and lever light switched off. Incorrect omission of lever press (miss) had no programmed consequence (Fig. 1A) . Each trial was followed by a 60-s intertrial interval (ITI). Implantation surgeries were carried out when animals were fully trained.
Tetrode implantation surgery
Rats were anaesthetized with 4% v/v isoflurane (Schering-Plough) in O 2 and maintained between 2 and 3%. Immediately after induction, an injection of glycopyrronium bromide was administered (6-8 lg/ kg; i.m.; Anpharm, Warsaw, Poland) to reduce respiratory tract secretions. The animal was mounted in a stereotaxic frame, and the head was adjusted so that lambda and bregma were aligned on the same horizontal plane. To prevent corneal desiccation, Lacri-Lube eye ointment (Allergan, Westport, Ireland) was applied to the eyes. A homoeothermic heat pad (Harvard Apparatus, Boston, Massachusetts, USA) was used to maintain body temperature between 36 and 37°C. Glucose (5%, 3 mL/h, s.c.) was given via an infusion pump (Intec, K.D, Scientific, Holliston, Massachusetts, USA) for the duration of the surgery. A scalp incision was made along the midline, the periosteum was retracted, and 10 stainless steel anchoring screws (Morris Co., Southbridge, Massachusetts, USA, part number 0X 1/8 flat) were affixed to the skull. A right-sided craniotomy was then performed above mPFC and striatum. Implantation coordinates were as follows: +0.8 to +0.4 mm AP; 3.6 to 4.0 mm ML; À4.0 to À4.5 mm DV for DLS, À0.4 to 0.0 mm AP; 2.4 to 2.6 mm ML; À3.5 to 4.0 mm DV for DMS; +1.2 to +1.6 mm AP; 1.1 to 2.3 mm ML; À6.4 to À7.0 mm DV for NAc, and +3.2 mm AP; 1.1 mm ML; À2.6 mm DV for PrL (Paxinos & Watson, 2007) . The dura was incised, and the tetrode array was advanced into the target structures. The medial of each tetrodes per structure was targeted at these locations, and distance between tetrode tips was minimal (~200 lm). Two tetrodes were implanted in DLS and in DMS and three in NAc. Each tetrode was made of four 12-lm tungsten wires (H-Formvar insulation with Butyral bond coat, California Fine Wire Company, Grover Beach, CA) twisted together and heated to form a bundle. The tip of each wire was gold plated to reduce impedance to 150-400 kΩ. The tetrodes were threaded through a 0.17-mm outer diameter silica tube (SGE Analytical Science; Milton Keynes, UK) to increase stability and loaded into a microdrive (Versadrive, Neuralynx, Bozeman; Montana, USA). Within the drive, each tetrode was glued to a delrin shuttle which was threaded onto an adjustment screw, allowing the shuttle and tetrode to be moved independently by manually turning the screw. The tetrodes were sealed with paraffin wax, and the implant was built up using layers of light-curing dental cement (Flowable Composite, Henry Schein; Gillingham, UK). Antibiotic ointment (Fuciderm; Uldum, Denmark) was applied to the wound, and the skin was sutured. A non-steroidal anti-inflammatory analgesic (Carprieve, 5 mg/kg; Norbrook Laboratories Ltd; Corby, UK) was given in jelly for a minimum 3 days post-surgery or as advised by the University of Leicester named veterinary surgeon, based on post-op monitoring. Oral antibiotics (Baytril, 2.5%, 0.2 mL/kg; Bayer; Leverkusen, Germany) were given in jelly twice daily (Harley's, UK) for 5 days after surgery. The animals were given a week to recover from the surgery before behavioural testing and remained individually housed for the remainder of the experiment to prevent damage to the implants.
Electrophysiological recordings and data analysis
The tetrodes were advanced~0.125 mm approximately 20 min before each recording session. During the discrimination task, rats were recorded through a metal coil-wrapped head stage cable. An op-amp-based 32 channel head stage amplifier (HST/8o50-G1-GR, 1x gain, Plexon Inc., Dallas, TX, USA) was plugged directly into the head implant, and the signal was passed through a pre-amplifier (PBX2, 1000 9 gain; Plexon Inc., Dallas, TX, USA) and digitized at 25 kHz. For spike sorting, the raw signal was band-pass filtered 300-3000 Hz, and spikes were sorted using the MATLAB-based Wave_clus software to yield single unit spike trains (Quiroga et al., 2004) . Single units were detected by applying a threshold of 5 9 signal noise. Signal noise was estimated as the median absolute deviation of the band-passed signal (Rey et al., 2015) . Spike sorting was achieved with superparamagnetic clustering using a single parameter ('temperature') where in the superparamagnetic regime, clusters of a relatively large size, corresponding to the different single units, are captured (Fig. 1D ). All automatic detection thresholds and sorting solutions were examined individually and adjusted if needed. In addition to this, we inspected cross-correlograms and autocorrelograms of units obtained on the same wire as well as average cluster waveforms and ISI intervals for violations of a refractory period. To examine how synchrony between structures is modulated in this task, cross-spectrum-based spike coherence among regions was calculated during baseline (À3 to 0 s before cue onset) and in the cue phase (0 to 3 s after cue onset) (Halliday, 2015) (MATLAB code available online at http://www.neurospec.org). The total product-moment correlation between two spike trains denoted as R the magnitude squared cross-spectrum between the two signals to the product of their auto spectra. Minimum mean square error (MMSE) pre-whitening was applied to the two signals prior to spectral analysis. Behavioural and electrophysiological data were not normally distributed; therefore, the results were analysed with permutation tests conducted using the statcond function of the EEGLAB toolbox in MATLAB (https://uk.mathworks.com/matlabce ntral/fileexchange/27960-resampling-statistical-toolkit) (Delorme & Makeig, 2004) . At the end of the experiments, rats were terminally anaesthetized with ketamine (100 mg/kg, i.p.), and tetrode tip locations were lesioned (15 s of 30 lA) to allow visual verification of recording sites. Following this, rats were killed with a sodium pentobarbital overdose (200 mg in 1 mL, i.p.) and perfused transcardially with saline and 4% paraformaldehyde. After perfusion, brains were refrigerated (5°C) for 24 h and transferred to 30% sucrose solution for a further 2-3 days after which they were rapidly frozen and stored at À20°C. Tetrode placement was verified visually while cutting the frozen brains in 30-lm slices on a cryostat (Figs 1E, F and 5C) . In one rat, the position of the tetrodes targeting NAc and PrL could not be verified, and single unit responses from these tetrodes were excluded from the analysis.
Results
Discrimination task
Response rates to go and no-go tones as well as lever press latency in hit and FA trials were calculated from all 49 sessions included in electrophysiological analyses. All rats successfully learned to discriminate between go and no-go tones and maintained a high average level of discrimination, that is go trial hit rate (number of hits divided by total number of go trials) above 0.75 and no-go trial FA rate (number of FA divided by total number of no-go trials) below 0.25, until the end of the experiment (Fig. 1B) . Consistent with prior studies, we noted that lever press latency was longer in FA trials than hit trials [t(1190) = 5.53, P = 0.005, permutation t-test] (Curzon et al., 1999; Harding et al., 2004; Nicola et al., 2004a) (Fig. 1C) .
Striatal neurons show onset responses to cues predicting upcoming reward availability
Medium spiny neurons (MSN) represent more than 90% of rat striatal and accumbal neurons, and unlike GABAergic interneurons are characterized by relatively low-firing rates. We recorded units with low-baseline activity (<6 Hz), and the firing rates we observed are consistent with previous studies (Barnes et al., 2005; Sharott et al., 2009) . We recorded from a total of 99 (DLS), 80 (DMS) and 105 (NAc) putative MSN cells; based on each neuron's mean modulation across trial types (below) 56, 15 and 51, respectively, of these neurons were inhibited by cue onset and 43, 65 and 54, respectively, were excited. Average firing rates were 1.82 AE 0.19, 1.64 AE 0.17 and 1.94 AE 0.14 Hz (mean AE SEM).
To determine an appropriate analysis window, we looked for the interval yielding the highest number of neurons whose activity was significantly modulated (either excited or inhibited) by the stimulus cue. We tested analysis windows of increasing duration (0.1-4 s) in 50-ms increments and found that the highest number of neurons was modulated significantly immediately after cue onset (relative to 3-s baseline; Wilcoxon rank sum test, P < 0.05) (Fig. 2) . Neurons showing a significant modulation in at least one trial type (hit, miss, CR or FA) were selected for further analysis; 82 (DLS), 66 (DMS) and 93 (NAc) (average baseline firing rates: 1.79 AE 0.16, 1.50 AE 0.18 and 1.85 AE 0.16 Hz). Spike responses in excited and inhibited neurons were analysed separately.
Striatal onset activity is modulated by previous trial outcome
Previous work shows that whether or not an animal made an error on a previous trial affects neural activity on subsequent trials, possibly related to the role of striatum in updating behavioural strategy as a function of experience (Kim et al., 2007 (Kim et al., , 2009 ). Therefore, we broke down striatal cue-onset responses by previous trial outcome: correct, that is rewarded (hit or CR) vs. incorrect (miss or FA) trials. Baseline-subtracted striatal activity in excited units was higher after previous errors [ Fig. 3A ; F 1,272 = 25.95, P = 0.003, permutation two-way ANOVA] with a significant interaction between previous trial outcome 9 current trial response [F 3,272 = 3.06, P = 0.012, permutation 2-way ANOVA]. This previous trial outcome effect was similar across the striatal subregions [structure 9 previous trial outcome interaction: F 2,384 = 0.0463, P = 0.8632, permutation twoway ANOVA]. We noted a main effect of structure [F 2,384 = 4.64, P = 0.0373]; however, the difference in excitation between subregions was very small (DLS: 2.12 Hz, NAc: 2.11 Hz, DMS: 2.97 Hz), and the slight apparent increase in DMS was not significant using pairwise comparisons (ps > 0.09). Further, current trial outcome (hit, miss, CR or FA) related to cue-onset activity only after previous errors with higher onset activity to go cues (hit and miss) than to FA ( Fig. 3B ; Table 1 ). Inhibited neurons, on the other hand, were not significantly modulated by previous trial outcome [F 1,560 = 1.16, P = 0.211, permutation two-way ANOVA]. Overall, inhibition was stronger preceding errors (miss and FA) than correct choices (hit and CR) [ Fig. 3C ; F 3,600 = 13.20, P = 0.003; permutation two-way ANOVA; for pairwise comparisons, see Table 2 ]. Again we noted a main effect of structure [F 2,600 = 5.26, P = 0.022] with DMS showing the least inhibition (DLS: À1.07 Hz, NAc: À1.23 Hz, DMS: À0.91 Hz); however, the pairwise differences were small and only significant between DMS and NAc (t(350), P = 0.005). We conclude that go cue-onset excitation in putative MSNs across striatal subregions is enhanced after previous errors. Inhibition, on the other hand, is associated with whether the rat makes a correct or incorrect choice in the current trial.
Errors are associated with higher pre-stimulus striatal coherence
To investigate how striatal subregion synchronization relates to the animal's decisions, we calculated pre-stimulus (3 s before cue onset) spike coherence between neuronal pairs (1010 NAc-DMS, 742 NAc-DLS and 343 DMS-DLS neuron pairs) [ Fig. 4 ; F 3,600 = 252.01, P = 0.003; F 2,600 = 2.07, P = 0.485; and F 6,600 = 23.82, P = 0.003; trial, structure and interaction effects, respectively; two-way permutation ANOVA]. Remarkably for all structure pairs, incorrect choices (miss and FA) were associated with higher prestimulus coherence than correct choices (Table 3 ). In addition, prestimulus coherence between NAc-DMS and DMS-DLS was higher in misses than FAs (Table 3) , and NAc-DMS pre-stimulus coherence was lower in hit than CR (Table 3) .
Cue-evoked (3 s after cue onset; pre-stimulus-subtracted) striatal coherence was not affected by trial or subregions [F 3,3360 = 4.12, P = 0.211; F 2,3360 = 5.44, P = 0.157; F 6,3360 = 4.19, P = 0.202, trial, structure and interaction effects, two-way permutation ANOVA].
Cue-related PrL activity is higher after previous error trials; however, spike responses do not encode the animal's upcoming choice Previous work implicates PrL in the encoding of stimulus-responseoutcome associations and behavioural flexibility in reward-related tasks (Halladay & Blair, 2015; Hosking et al., 2015; Moorman & Aston-Jones, 2015) . We recorded activity in PrL neurons in parallel with striatum recordings to determine how corticolimbic connectivity is affected in this task. PrL firing rates were consistent with the cells being pyramidal cells (Bruno & Simons, 2002) . We recorded from a total of 36 putative pyramidal neurons in PrL with baseline firing rate of 2.47 AE 0.30 Hz. Of these neurons, 11 were inhibited, and 25 excited based on the neuron's mean modulation across trial types, and 30 were significantly modulated by cue onset (Fig. 5A,D, compare Fig. 2B ).
Repeating the effect found in striatum, cue-onset activity was modulated by previous error trials in excited but not inhibited neurons [ Fig. 5C ; F 1,16 = 4.00, P = 0.017; F 1,80 = 2.72, P = 0.142, respectively, two-way permutation ANOVA]. Unlike striatum, PrL spike activity at cue onset did not relate to subsequent trial outcome . Number of neurons significantly modulated by upcoming trial outcome (P < 0.05) for intervals of varying duration. Dashed lines indicate the upper limit of chance levels estimated using the inverse binomial formula with P = 0.05 (MATLAB function binoinv). (C). Mean z-transformed firing rates of DLS, DMS and NAc excited (top) and inhibited (bottom) neurons using trials that elicited the greatest significant response to trial onset (time bin: 100 ms, against baseline). Shaded area indicates bootstrapped 99% confidence intervals.
[F 3,68 = 1.98, P = 0.410 and F 3,112 = 0.80, P = 0.366; excited and inhibited neurons, respectively; one-way permutation ANOVA]. We conclude that reward-cue activity in PrL tracks previous errors as found in striatum; however, unlike striatum, it does not appear to encode the animal's imminent choice on the current trial.
Misses are associated with higher prefrontal-striatal coherence
Previous lesion work suggests interactions between mPFC and striatal subregions may underlie action selection in reward-related tasks (Christakou et al., 2004; Baker & Ragozzino, 2014) . To determine whether neurophysiological interactions in the intact brain support these conclusions, we calculated spike coherence between PrL and the three striatal subregions (900 PrL-NAc, 246 PrL-DMS and 330 PrL-DLS neuron pairs) before cue onset (3 s) and on presentation of the cue (3 s after onset) (Fig. 6A) . The pre-stimulus results repeated the prominent effect on misses reported in striatum [compare Figs 6A and 4; F 3,3132 = 433.11, P < 0.003; F 2,3132 = 51.11, P = 0.008; F 6,3132 = 9.03, P = 0.291; trial, structure and interaction effects, respectively; two-way permutation ANOVA]. Specifically, PrlNAc coherence was highest preceding misses (Table 4) but also higher preceding FA errors than correct choices (Table 4 ). In the PrL-DMS pair, pre-cue coherence was highest preceding misses (Table 4) , and lowest preceding hits but note that hit-FA was not Effect of previous error hit-CR t(59) = 1.35, P = 0.244 hit-miss t(51) = À0.05, P = 0.871 hit-FA t(49) = 2.81, P = 0.005 CR-miss t(70) = À1.58, P = 0.124 CR-FA t(68) = 1.51, P = 0.134 miss-FA t(60) = 3.01, P = 0.005 Table 2 . Pairwise comparisons between trial types in cue-inhibited neurons. Significant comparisons are listed in bold (permutation t-test, P > 0.05)
Effect of current trial hit-CR t(246) = À0.02, P = 0.901 hit-miss t(246) = 4.00, P = 0.005 hit-FA t(311) = 3.63, P = 0.005 CR-miss t(118) = 5.63, P = 0.005 CR-FA t(301) = 3.46, P = 0.005 miss-FA t(301) = 0.50, P = 0.503 Fig. 4 . Association between striatal synchronization and behavioural choice. A strong association between pre-stimulus coherence (3 s before cue onset) and behavioural choice was present between all three striatal subregions. *P < 0.05; **P < 0.01. significant (Table 4 ). In the PrL-DLS pair, coherence was highest preceding misses, although miss-FA did not reach significance (Table 4) and lowest preceding hits (Table 4) . CR and FA trials were preceded by intermediate coherence values. To summarize a correct go response was preceded by relatively low coherence, whereas failure to respond was preceded by relatively high coherence. This effect replicated across all striatum subregions.
Finally we observed that Prl-NAc and Prl-DMS but not Prl-DLS cue-evoked coherence were higher on miss trials [ Fig. 6B ; F 3,2856 = 69.37, P = 0.003; F 2,2856 = 15.05, P = 0.042; F 6,2856 = 42.52, P = 0.003; trial, structure and interaction effects, respectively; two-way permutation ANOVA; Table 5 ). In addition, Prl-NAc cue-evoked coherence was lower on CR trials (Table 5 ). This dissociation maps directly onto the direct PrL to NAc and DMS but not DLS projections and suggests that cue-triggered synchronization preceding miss and CR trials is specific to direct projections (Heidbreder & Groenewegen, 2003; Voorn et al., 2004; Gabbott et al., 2005; Hart et al., 2014) . This mapping onto anatomical connection after stimulus onset (Fig. 6B) was not apparent in the baseline synchronization (Fig. 6A) . This suggests that behaviourally relevant sensory stimulation may produce coherence patterns that are more directly related to anatomical connections than those observed in the adapted network state (at baseline). This possibility requires further exploration. Overall we conclude that high synchronization between PrL and the striatal subregions is associated with failures to respond to the reward-predicting cue.
Discussion
This work investigated the representation of reward-related decisions in a distributed circuit encompassing multiple striatal subregions and pre-limbic cortex. Striatum showed robust excitatory and inhibitory responses to cue onset. Excitatory responses were higher following previous errors and for go cues. On the other hand, inhibitory cueonset responses were higher preceding error choices. We also investigated how synchronization in the prefrontal-striatal circuit relates to choice behaviour. A remarkable finding repeated across subregions and structures was that corticostriatal synchronization and intrastriatal spike synchronization were higher preceding failures to respond to the reward-paired tones. This finding suggests a network Table 3 . Pairwise comparisons of pre-stimulus coherence between trial types in striatal subregion pairs. Significant comparisons are listed in bold (permutation t-test, P > 0.05).
Pre-stimulus coherence
NAc-DMS hit-CR t(563) = À2.07, P = 0.045 hit-miss t(450) = À10.46, P = 0.005 hit-FA t(557) = À6.72, P = 0.005 CR-miss t(449) = À9.87, P = 0.005 CR-FA t(556) = À5.61, P = 0.005 miss-FA t(443) = 6.19, P = 0.005 NAc-DLS hit-CR t(391) = 0.11, P = 0.94 hit-miss t(382) = À4.92, P = 0.005 hit-FA t(349) = À4.36, P = 0.005 CR-miss t(398) = À4.78, P = 0.005 whose activity may be suppressed to enable processing of rewardpredictive cues. Whereas some previous work report activity in dorsal striatum to be unaffected by cue onset (Berke, 2008; Kimchi et al., 2009; Root et al., 2010) , other work suggests cue-triggered activity in NAc depends on the subsequent behaviour or outcome of the trial (Nicola et al., 2004a; Roitman & Loriaux, 2014) . In addition, dorsal striatal and NAc neurons have been previously shown to modulate their activity according to the rat's actions in previous trials (Kim et al., 2009; Oyama et al., 2015) . Consistent with this, here, we found that cue-related excitatory activity was increased after previous errors (Fig. 3A) . This observation suggests that striatal spiking activity may serve to maintain appropriate action selection during ongoing behaviour. However, we also found that cue-onset activity related to the structure of the task (higher for go cues than no-go cues) rather than the animal's behavioural choice (hit, miss, etc.) (Fig. 3B) . It would appear therefore that this onset activity is not related to attention to specific cues, but may perhaps reflect fluctuations in A B Fig. 6 . Association between PrL-striatal synchronization and behavioural choice. (A). A strong association between pre-stimulus coherence and behavioural choice was present between PrL and all three striatal subregions. (B). Cue-triggered PrL-striatal synchronization. *P < 0.05; **P < 0.01. Table 4 . Pairwise comparisons of pre-stimulus coherence between trial types for PrL-striatal subregion pairs. Significant comparisons are listed in bold (permutation t-test, P > 0.05) Pre-stimulus coherence PrL-NAc hit-CR t(332) = À1.23 P = 0.2043 hit-miss t(409) = À9.26, P = 0.005 hit-FA t(495) = À5.89, P = 0.005 CR-miss t(219) = À4.66, P = 0.005 CR-FA t(305) = À2.60, P = 0.005 miss-FA t(382) = 5.92, P = 0.005 PrL-DMS hit-CR t(71) = À3.81, P = 0.005 hit-miss t(106) = À6.36, P = 0.005 hit-FA t(136) = À0.83, P = 0.503 CR-miss t(106) = À5.58, P = 0.005 CR-FA t(136) = 0.10, P = 0.950 miss-FA t(100) = 4.91, P = 0.005 PrL-DLS hit-CR t(183) = À3.01, P = 0.005 hit-miss t(183) = À5.11, P = 0.005 hit-FA t(144) = À6.38, P = 0.005 CR-miss t(91) = À6.10, P = 0.005 CR-FA t(143) = À0.94, P = 0.373 miss-FA t(143) = 1.93, P = 0.075 Table 5 . Pairwise comparisons of cue-evoked coherence between trial types for PrL-striatal subregion pairs. Significant comparisons are listed in bold (permutation t-test, P > 0.05)
Cue-evoked coherence PrL-NAc hit-CR t(480) = 2.03, P = 0.025 hit-miss t(379) = À2.77, P = 0.015 hit-FA t(461) = À0.16, P = 0.970 CR-miss t(383) = À3.67, P = 0.005 CR-FA t(465) = -2.42, P = 0.005 miss-FA t(364) = 2.71, P = 0.025 PrL-DMS hit-CR t(139) = 0.50, P = 0.592 hit-miss t(103) = À3.45, P = 0.005 hit-FA t(131) = À0.22, P = 0.950 CR-miss t(106) = À3.55, P = 0.015 CR-FA t(134) = À0.61, P = 0.532 miss-FA t (98) = 3.24, P = 0.005 PrL-DLS hit-CR t(170) = 0.11, P = 0.901 hit-miss t(162) = 1.38, P = 0.174 hit-FA t(132) = À0.39, P = 0.622 CR-miss t(168) = 133, P = 0.224 CR-FA t(138) = À0.47, P = 0.622 miss-FA t(130) = À1.20, P = 0.213 motivation after negative feedback. This was in contrast with cueonset inhibition which did relate to the animal's behavioural choice: inhibition was significantly more pronounced when the animal was about to commit an error, independent of any possible motor preparation component (i.e. preceding both FA and miss errors; Fig. 3C ).
It is unclear what local or modulatory networks may underlie this distinction. In particular, striatal cholinergic interneurons signal the occurrence of motivationally salient stimuli, provide an inhibitory signal to medium spiny projection neurons (MSNs) and may mediate reward-guided behaviour (English et al., 2011) . It is thus possible that cholinergic inhibition of subsets of MSNs may account for the current observations. How these subsets may be defined is a speculative question; however, it is tempting to refer to recent work implicating direct and indirect pathway MSNs in reward-driven behaviours. Direct pathway MSNs may support the execution of desired actions, whereas indirect pathway MSNs may be related to the inhibition of competing responses and whose trial-to-trial activity may thus relate to cue attention and correct behavioural choice (Vicente et al., 2016) . Previous lesion work ascribes different roles for DLS, DMS and NAc in reward-directed responding (Yin et al., 2005 (Yin et al., , 2006 Hart et al., 2014) . Here, we found no significant differences in cue-related responses between striatal subregions. It must be pointed out, however, that the task used in the current study is unlikely to be isolated to a single subregion due to the engagement of multiple reward-related processes (classical conditioning, discrimination, operant responding, etc.) and is likely to involve contributions from all three subregions (Haber & Knutson, 2010; Liljeholm & O'Doherty, 2012) . Thus, the present results are not inconsistent with previous lesion work. Our second major finding which was repeated across striatal subregions and prefrontal-striatal synchrony analyses was that failure to respond to reward-predicting cues (i.e. miss trials) was associated with higher intra-and inter-region spike coherence (Fig. 4) . Increased coherence preceding miss trials may relate to low levels of attention to external stimuli. Previous work has linked fluctuation in cortical activity and network connectivity to attentional state (Melloni et al., 2007; Forstmann et al., 2010; Sadaghiani et al., 2010; Herzog et al., 2014) , but our results are the first to suggest that a high spike synchronization network state in the prefrontal-striatal circuit may impair task performance, potentially being associated with low levels of attention to external stimuli causing the rat to miss the cue. Here, we also observed that higher intrastriatal synchronization was associated with an increased likelihood of false alarms (Fig. 4) . Changes in NAc activity have been linked to reward-directed motor behaviour (Nicola et al., 2004b; Roitman et al., 2005) . It is therefore possible that high baseline synchronization between NAc and the dorsal striatal subregions may produce a 'go' bias regardless of the cue value. Interestingly given the lack of a NAc-DLS direct projection, this synchronization-produced bias may involve an extended 'task-positive' circuit encompassing multiple brain regions which biases the activity of both structures (Sadaghiani et al., 2010) . Further causal studies using perturbation of target circuits using recent viral approaches are needed to further investigate this issue.
Previous work implicates PrL in the encoding of stimulus-response-outcome associations and in successful switching between behavioural strategies depending on context (Halladay & Blair, 2015; Hosking et al., 2015; Moorman & Aston-Jones, 2015) . We therefore examined how PrL cue-evoked neuronal activity relates to reward-directed decisions. The number of PrL neurons we were able to record was not high (36), although power estimates are not readily available for spike data. Bearing this caveat in mind, the following was observed. Whereas cue-induced striatal responses related to the animal's choices, this effect was not apparent in PrL. It should be noted, however, that unlike previous experiments where rats were trained to make a choice immediately upon the presentation of the cue, here cue onset signalled a delayed opportunity to make a behavioural choice (4 s; Fig. 1A ). Thus reported firing rate increases on cue presentation in other studies may relate to action initiation (compare PrL projections to motor and pre-motor cortices (Bedwell et al., 2014) ). PrL cue-onset excitation was increased after previous errors, regardless of behavioural choice on the current trial (compare Fig. 5C ). Because this onset activity was not related to behavioural choice, it likely reflects global variables such as fluctuations in motivation after negative feedback. The significance of these PrL cue-onset firing rate fluctuations must be distinguished from PrL-striatum network activation effects. For example, previously mPFC-NAc disruption has been shown to interfere with the planning of responding to reward-paired cues implicating interaction between mPFC and striatum in the updating of response-outcome contingencies (Christakou et al., 2004) . Our neurophysiological data extend this to show that pre-stimulus synchronization between PrL and striatum profoundly affects behavioural choice. Repeating the results we report with striatum subregions, increased baseline PrL-striatum coherence was associated with misses. This finding is especially robust as it replicated across multiple subregions and with within-subregion results (compare Fig. 6A with Fig. 4 ). There is in fact an extensive human literature implicating pre-stimulus intercortical coherence in stimulus detection (Melloni et al., 2007; Forstmann et al., 2010) . Further in rats, increased prefrontal-parietal coherence preceded detection failures in an auditory detection task (Herzog et al., 2014) . Low-detection rates following high coherence may represent functional inhibition within an underlying cortical network diverting attention away from external stimuli to focus attention on internal representations such as working memory (Hanslmayr et al., 2007; van Dijk et al., 2008; Mazaheri et al., 2009) . Through the associative, sensory-motor and limbic cortico-striatal-thalamic circuits, PrL and striatal subregions are intricately connected to both task-positive and task-negative networks implicated in the regulation of attention to external stimuli (Sadaghiani et al., 2010; van Waes et al., 2012) . Here, we identify neurophysiologically a 'task-negative' network encompassing PrL and striatum whose activity signals a failure to respond to a reward-predicting cue.
In summary, here, we investigated prefrontal-striatal spike network activity in the context of reward-related decisions in rats. We show that activity in this system relates to previous and upcoming behavioural choices in a way that supports the coordinated role of striatal subregions in maintaining appropriate action selection. We also identify for the first time a task-negative prefrontal-striatal network whose activity predicts failures to respond to reward-predictive cues. Thus, our findings highlight the significance of coordinated prefrontal-striatal activity in underlying reward-related decisions.
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